Abstract A TAML ® catalyst (0.5 µM, 0.23 mg/L of effluent) combined with hydrogen peroxide (6.5 mM, 0.19 g/L of effluent) were capable of permanently removing 46% of the colour from bleach plant effluent (E op , pine-derived) in one hour at 5,000 L effluent per day. Increasing concentrations to 2 µM catalyst (0.9 mg/L of effluent) and 22 mM peroxide (0.75 g/L of effluent), resulted in removal of 78% of the colour. In addition, 29% of the chlorinated organic material (AOX) was also removed. A laboratory investigation indicated that the oxidative process predominantly removed phenolic structures. The low aromatic content of the effluent meant that the majority of the organic material was not substantially altered during treatment. Thus chemical oxygen demand was essentially unchanged. This technology was able to remediate colour from effluents derived from both softwood (pine) and hardwood (eucalypt). Laboratory studies on catalyst life-time during effluent treatment, demonstrated that activity was maintained for a sufficient period to eliminate all the chromophore available to the active species, but that the catalyst did not survive long enough to be discharged into the receiving environment. Microtox™ tests showed that catalyst degradation products were not toxic to the receiving environment.
Introduction
Traditional technologies employed by the pulp and paper industry for the treatment of effluent are designed to reduce suspended solids and the Biochemical Oxygen Demand (BOD). However, environmental regulations are now focussing on a more diverse range of pollutants, including colour. Generally, colour is perceived as primarily an aesthetic concern, especially in cases where the receiving stream(s) have a low or varying flow, although colour may also be responsible for other problems. For example, coloured materials adsorb sunlight, and consequently reduce the photic depth of the receiving water, which in turn may reduce photosynthetic rates and affect aquatic productivity (Ramanathan, 1989) . As a result, in recent years numerous investigations have focussed on developing new and innovative alternatives for the treatment of paper industry effluents that overcome the limitation of the current systems. Consequently, a great number of chemical and biological processes have been investigated, although to date no economically feasible industrial solution has been established.
Since 1980, research has been undertaken by Professor Collins and his research group to develop stable homogenous oxidation catalysts. This research was eventually successful in producing catalytic activators of hydrogen peroxide (Collins and Gordon-Wiley, 1998) . Horwitz et al. (1998) first demonstrated the ability of the tetraamido-macrocyclic ligand (TAML ® ) iron (III) catalysts (Figure 1) , to activate hydrogen peroxide with experiments that bleached organic dyes. The bleaching of pinacyanol chloride by hydrogen peroxide in the presence of the iron complexes was monitored by UV-Vis spectroscopy. In the presence of the iron complex, pinacyanol chloride was bleached to give essentially zero absorbance in less than 1 minute. In the absence of the catalyst the absorbance of pinacyanol chloride remained at 80% of its starting value after 300 seconds. Subsequently, suggested that these iron (III) complexes have potential to reduce colour in pulp and paper mill effluent.
In this paper, we evaluate the suitability of using TAML ® technology to treat bleached kraft mill effluent with respect to colour and AOX removal. The catalyst that was selected for this study is shown in Figure 1 .
The conditions required for colour removal from a bleach plant effluent were determined at laboratory scale and applied at pilot scale. The technology was applied to the highly coloured E1 waste stream discharged from the bleach plant as previous work had shown that this technology functions best under alkaline conditions. We also evaluated the effect of different feedstocks on the treatability of the effluent, investigated which structures were attacked by the TAML ® technology and performed an environmental risk assessment.
Experimental
Laboratory-scale treatments. Treatments of the effluent were performed in an agitating incubator as efficient sample mixing was found to be vital for reproducible colour removal using TAML ® . Treatments were carried out using E1 effluent (25 mL), adjusted to pH 11, with varying concentrations of catalyst and hydrogen peroxide making a total volume of 50 mL using phosphate buffer. Temperature and time were also varied during the investigations to learn more about the range of conditions under which the treatment could effectively operate.
Pilot plant. A pilot plant consisting of two treatment vessels was set up in the vicinity of the bleach plant at an integrated kraft mill. E1 effluent (Pinus radiata feedstock, kappa 15) was pumped into the first treatment vessel (200 L capacity, HRT 1 h) at a rate of 3.3 L/min (4,800 L/day), before flowing into the second treatment vessel (800 L capacity, HRT 4 h). Both treatment vessels were stirred to ensure effective mixing. Temperature and pH were continuously monitored throughout the pilot plant and autosamplers were used to regularly collect samples from each vessel including the untreated effluent storage vessel. The TAML ® catalyst was used as received from Carnegie Mellon University, Pittsburgh, PA. Stock solutions of both the catalyst and hydrogen peroxide were used to give the desired concentration of these chemicals in treatment vessel 1.
Colour. The National Council of the Paper Industry for Air and Stream Improvement (NCASI, 1971) method for colour determination in pulp and paper effluents (pH 7.6, 465 nm) was used.
Chemical oxygen demand (COD).
Chemical oxygen demand was determined on samples filtered through Whatman GFC filter disks (soluble COD) using a micro-scale adaptation of the Standard Method (5220 D, APHA 1998). Samples were digested with an excess of acidic potassium dichromate solution and the reduced chromate was determined colorimetrically. All samples were analysed in duplicate and COD values were calculated from a standard curve.
Adsorbable organic halide (AOX).
Adsorbable organic halide concentrations were determined by Levay & Co. Environmental Services, Australia using the SCAN-W 9:89 standard method.
Total extractives. Organic material was extracted from the effluent by liquid-liquid extraction at pH 9 using dichloromethane. Extracts were concentrated, derivatised by silylation, and analysed for an extractives screen assay using gas chromatography/mass spectrometry (GC/MS).
Toxicity. Toxicity was assessed using the Microtox™ toxicity test which assesses sample toxicity by measuring the reduction in light output from bioluminescent bacteria on sample addition. Tests were carried out on samples adjusted to a standard pH using the "Basic test" as described in the Microtox™ manual (Microbics, 1992) .
Results and discussion

Laboratory findings
At laboratory scale it was found that TAML ® technology had the ability to remove significant amounts of colour from the alkaline E1 bleach plant effluent. With the TAML ® catalyst concentration 0.5 µM and the hydrogen peroxide concentration 6 mM a colour reduction of 56% was obtained. This treatment was carried out at pH 11, the typical pH of E1 effluent, for four hours at 40°C. It was found that altering the temperature between 16°C and 70°C had little effect on the extent of colour removal achieved during this treatment. Therefore a temperature of 40°C was selected as the temperature at which all the subsequent laboratory studies were carried out since this temperature was typical of E1 effluent as it is discharged from the bleach plant.
Pilot-scale findings
A pilot plant was designed to treat E1 effluent discharged from a kraft mill bleach plant. Neither pH nor temperature were controlled in the pilot plant. The operating temperature of 60 ± 2°C was considerably higher than the 40°C used for the laboratory studies, however, as discussed above it would not adversely influence the extent of colour removal. The pH of the discharged effluent was 11.8 ± 0.1. Wingate (2002) showed that the extent of colour removal decreased slightly as the pH was increased above 11, with the amount of colour removal at pH 13 81% of that achieved at pH 11. Wingate (2002) also suggested that the four-hour time period used in the laboratory studies could be significantly shortened and the majority of the treatable colour would still be removed. The design of the pilot plant allowed the extent of treatment to be monitored after one hour as the first treatment vessel had a retention time of one hour while the remainder of the treatment was carried out in the second vessel, which had a retention time of four hours.
The overall performance of the pilot plant is summarised in Table 1 . These results compare the untreated effluent with the effluent that had been treated for one hour. A colour reduction of 46% was achieved with concentrations of 0.5 µM TAML ® catalyst and 6.5 mM hydrogen peroxide at pilot scale. In addition, it was found when comparing colour removal in treatment vessel 1 to treatment vessel 2 that only a 4% gain in colour removal was gained by extending the treatment time by four hours. The small gain did not justify extending the reaction for a further four hours. Increasing the treatment time by this period would require much larger vessels in which to treat the effluent at full mill scale. No significant reduction in AOX was observed at these concentrations.
It was decided to increase the concentrations of both catalyst and hydrogen peroxide at pilot scale. Doubling the concentrations to 1 µM catalyst and 13 mM hydrogen peroxide resulted in a 67% colour removal while 2 µM catalyst and 22 mM peroxide achieved a colour reduction of 78%. At these concentrations the absorbable organic halide (AOX) content of the effluent was significantly reduced, 32%. The decrease in the AOX content has significant implications for this technology as effluent AOX is widely regulated world-wide. A technology that is able to remove AOX, in addition to colour, would be very valuable to the pulp and paper industry. Figure 2 shows the variation in colour of the effluent prior to and after TAML ® treatment. Although the colour of the effluent discharged from the bleach plant is highly variable, once treated with the TAML ® technology this variation is largely eliminated. This is a valuable finding for mills that need to keep tight control of the colour discharged from the bleach plant.
It was found that the soluble chemical oxygen demand (sCOD) concentration of the effluent was not altered during treatment with the TAML ® technology. The sCOD of the effluent before and after treatment with 2 µM catalyst and 22 mM hydrogen peroxide was 22 ± 2 kg/ADT and 20 ± 2 kg/ADT, respectively. Wingate (2002) suggested that the TAML ® technology was not a highly destructive technique, but only altered select functional groups in the effluent (see below).
Applications of the TAML ® technology
In order to assess the effectiveness of this technology for colour removal of effluent generated from different wood sources, the pilot-plant trial was extended to include a period when the kraft mill was processing eucalyptus, a hardwood, instead of the softwood pine. Results (Table 1) indicated that in terms of percentage of colour removed, the technology is less effective at removing colour from effluent produced during eucalypt processing (45% colour removal in one hour) than from effluent produced during pine processing (78% colour removal). The lower percentage of colour removal from eucalypt effluent may be related either to its inherently lighter starting colour, or to the contribution of different chromophoric compounds, for example in hardwood effluent a higher proportion of the chromophores are more likely to result from tannins, which are present in high concentrations in eucalypt wood.
Functional group work
The structural changes that occur in the organic material in the pine effluent during treatment with the TAML ® technology were investigated previously. It was found that the phenolic structures are predominantly removed from the effluent, in addition to structures containing aliphatic double bonds and carbonyl groups (Wingate, 2002) . These findings were supported by studies using model compounds. The TAML ® technology oxidised the phenolic model compounds studied at different rates with the most rapidly oxidised compounds being vanillomandelic acid and catechol. The total extractive content of the effluent collected from the pilot plant prior to and after the TAML ® treatment was monitored throughout the pilot-plant trial. Although the total extractives content of the effluent was reduced during treatment with the TAML ® technology (from 4,636 µg/L to 3,050 µg/L), further scrutiny revealed it was only the phenolic compounds, vanillin (729 µg/L), acetovanillone (122 µg/L) and vanillic acid (4 µg/L), which actually decreased. Monoterpenes, fatty acids, resin acid, resin acid neutral and phytosterols remained unaffected. This result is in agreement with the earlier findings.
Environmental risk assessment
For full-scale implementation of TAML ® technology, it is important to know the life-time of the catalyst under the conditions used. If the catalyst were to survive for an extended period of time in the effluent, it may be discharged into the receiving water and have undesirable repercussions on the environment. From studies involving measurement of the rate of bleaching of an added dye it was found that there were no measurable levels of catalyst present in the effluent after 10 minutes (Wingate, 2002) . As the colour of the effluent continued to decrease even after the destruction of the catalyst, this additional colour removal was thought to be a result of hydrogen peroxide attack on groups that had been newly exposed during TAML ® treatment, as treatment of the effluent by hydrogen peroxide alone did not remove colour to any significant extent.
Microtox™ toxicity tests were carried out on the untreated effluent, the effluent treated by the TAML ® technology and a solution of the TAML ® catalyst at the concentrations used during effluent treatment ( Table 2 ). The short life-time of the catalyst under the bleaching conditions used means that any resulting toxicity would be due to stable degradation products of the catalyst and not due to the complex itself. An EC 50 value of > 100% showed that the TAML ® treatment of the effluent did not increase its toxicity. Also, tests of the catalyst itself revealed there was no detectable toxicity at the concentration used for effluent treatment. These are important findings as it is very important that the toxicity of the final effluent is not increased by any treatment used.
Conclusions
The pulp and paper industry is of vital economic importance and achieving high environmental compliance is essential for this water intensive industry. A solution to the colour problem associated with the effluents from bleached kraft pulp mills is needed in the near future in order to preserve the quality of our rivers and streams. The TAML ® activator/H 2 O 2 technology is effective at remediating E op effluent from the E1 stage that is derived from softwood (pine) and hardwood (eucalypt) under a variety of reaction conditions. Nearly 80% colour reduction could be achieved using this catalytic chemistry. Thus, the technology could be an essential part of an integrated mill approach to reducing colour discharges. Furthermore, as it was found that AOX levels were reduced using the TAML ® /H 2 O 2 technology, this could also supply the mills with a means for lowering their AOX loadings to receiving waters. The implementation of the technology on a pilot-scale was straightforward requiring only a simple mechanism for adding the TAML ® activator and H 2 O 2 to the effluent stream and allowing the reaction to occur for a relatively short time period before sending to final effluent treatment. The extension to treatment of the full E op effluent stream also should require only minimal impact on total mill operations. 
